' INTRODUCTION
The human genome encodes more than 500 protein kinases that catalyze the reversible phosphorylation of proteins, a regulatory mechanism controlling diverse cellular processes.
1,2 Notably, perturbations in protein kinase-mediated signaling pathways have been reported in many human diseases including cancer.
3,4 Protein kinases have thus emerged as promising candidates for molecular-targeted therapy. 5 A prime example of this selective therapy is the development of imatinib (Gleevec), dasatinib and nilotinib as ATP-competitive inhibitors targeting the BCR-Abl fusion protein in chronic mylogenous leukemia (CML) . 6À9 These successes have demonstrated that protein kinases can be exploited to treat diseases and have encouraged efforts to develop inhibitors directed against other protein kinases implicated in a number of human diseases. In addition to their therapeutic potential, the development of many novel protein kinase inhibitors has yielded new opportunities to evaluate enzymeÀsubstrate relationships for protein kinases and to further elucidate their regulatory participation in biological events. 10À14 However, to capitalize on the promise of protein kinase inhibitors for therapy and as tools to elucidate the role(s) of protein kinases in the regulation of biological processes, it is imperative that unbiased approaches be developed to evaluate inhibitor specificity 15 and to validate that inhibitors are effective when used in cells or in vivo.
Protein kinase CK2 (collectively referring to two isoforms designated CK2α and CK2α 0 in mammals) is one family of protein kinases that has attracted attention as potential therapeutic targets because of its elevated expression in cancer cells, and participation in a broad spectrum of biological processes. 16 CK2 is classified as a protein serine/threonine kinase 17, 18 that has also been shown to phosphorylate tyrosine residues.
19 CK2 regulates multiple cellular processes such as cell cycle progression,
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Collectively, our results demonstrate that EEF1D is a bona fide physiological CK2 substrate for CK2 phosphorylation. Furthermore, this validation strategy could be adaptable to other protein kinases and readily combined with other phosphoproteomic methods.
KEYWORDS: 2D electrophoresis, CK2 inhibitor, functional proteomics, chemical genetics, protein kinase, inhibitor-resistant kinase, unbiased validation strategy While the understanding of its precise roles in tumorigenesis remains incomplete, its ever-expanding lists of potential interaction partners 31, 32 and substrates are consistent with complex roles in regulatory signaling networks. 33 Furthermore, large scale phosphoproteomic studies that have identified phosphorylated proteins and phosphorylation sites at unprecedented rates offer the promise of revealing a thorough description of the role of CK2 and other protein kinases in cellular regulation. 34À37 Information about the substrate specificity and consensus motifs for individual protein kinases such as CK2 38, 39 has aided the prediction of possible protein kinase:substrate relationships from these studies. However, to maximize the benefits that emerge from these largescale studies, it is important that complementary unbiased experimental strategies be devised to verify that predicted substrates are in fact direct substrates of the protein kinase of interest.
The development of cell permeable inhibitors of CK2 10, 40 has represented a major advance for the discovery of its substrates and elucidation of its roles in cell regulation. Furthermore, since CK2 appears to be constitutively active, 41, 42 it is expected that CK2 inhibitors could be valuable agents to neutralize the dramatic increases in CK2 activity that accompany its elevated expression that is frequently observed in human cancers. 43, 44 Since many protein kinase inhibitors, including the majority of CK2 inhibitors, are ATP-competitive inhibitors, there is a clear need for methods that evaluate their specificity and the potential for off-target effects involving other members of the protein kinase family or other ATP-binding proteins that are abundant in human cells. 15, 45 For example the CK2 catalytic site has unique features that can be exploited in the design of specific inhibitors and in devising strategies to evaluate the specificity of these inhibitors. Notably, CK2 is one of the few protein kinases with the ability to utilize GTP as a substrate 46 and the catalytic pocket that binds ATP/GTP is somewhat more compact than in other kinases because of the presence of bulky hydrophobic residues. 13, 47, 48 Mutation of these residues in the catalytic site of CK2α (V66A and I174A) or CK2α 0 (V67A and I175A) renders the kinase less sensitive to the CK2 inhibitor TBB and its derivates. 13, 40, 49 With the objective of devising a systematic strategy to identify bona fide substrates of CK2 and with the expectation that substrates could be used as indicators to validate inhibition of CK2 in cells, we have coupled a functional proteomics strategy with chemical genetics. We employed two-dimensional electrophoresis to identify proteins exhibiting diminished phosphorylation in cells treated with CK2 inhibitors based on its capacity to fractionate thousands of individual protein variants, including separation of different phosphorylated forms of individual proteins, and its demonstrated ability to identify substrates for protein kinases such as MAP kinase. 50 To extend these studies, we generated inhibitor-resistant mutants of CK2 15 to evaluate whether the identified proteins are indeed direct substrates for CK2. Utilizing these strategies, we identified EEF1D, a translational elongation factor implicated as a potential prognostic indicator in cancer (including medulloblastoma 51 and esophageal carcinoma 52 ) as a bona fide cellular target of CK2. Given its potential prognostic value, its ubiquitous expression and abundant nature, our results suggest that EEF1D may be a viable marker for CK2 inhibition. Furthermore, the unbiased validation strategies utilizing functional proteomics and chemical genetic methods that we have employed can be readily adapted to identify and validate bona fide substrates of other kinases.
' EXPERIMENTAL SECTION Cell Culture and CK2 Inhibitors
The HeLa (Tet-Off, Clontech) cells used in all experiments were cultured in Dulbecco's Modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin and 100 units/mL penicillin (Invitrogen) at 37°C with 5% CO 2 in 10 or 15 cm dishes (Falcon). The CK2 inhibitors were obtained from commercial suppliers as follows: 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) was purchased from Calbiochem, 4,5,6,7-tetrabromobenzotriazole (TBB) and 4,5,6,7-tetrabromobenzimidazole (TBBz) were from Sigma. Dimethyl sulfoxide (DMSO, Caledon) was used as solvent for the inhibitors in all experiments.
P Labeling and 2D Gel Analysis
HeLa cells (plated at 10 6 cells per 10 cm dish) were grown for 48 h to approximately 80% confluency in regular DMEM media. In preparation for biosynthetic labeling, the culture media was replaced with phosphate-free DMEM (Chemicon) supplemented with dialyzed 10% FBS, 100 μg/mL streptomycin and 100 units/ml penicillin (Invitrogen) just prior to 32 P labeling. Biosynthetic labeling was achieved by adding 800 μCi 32 P-orthophosphate in the presence or absence of 25 μM DMAT or TBBz. For untreated controls, DMSO was used in equal volumes as in the inhibitor treatments. After 12 h of 32 P orthophosphate labeling, the media was removed and the cells were washed twice with cold PBS on ice. The cells were lifted from the dish with PBS containing 5 mM EDTA and the cellular proteins were extracted with Trizol and separated with two-dimensional (2D) electrophoresis using pI 4À7 NL strips (GE Healthcare) for the first dimension (equal cpm of 32 P was loaded for each sample). Following SDS-PAGE for the second dimension, gels were dried and 32 P incorporation was detected with autoradiography. The autoradiograph images were scanned on an Epson 4990 flatbed scanner at 16-bit Grayscale and quantified with ImageQuant Version 5.2 software (Molecular Dynamics). 32 P incorporation differences were quantified by calculating volume ratios of the corresponding areas from 2D images of 25 μM TBBz, 25 μM DMAT or DMSO-treated samples. Proteins from nonradioactive experiments, processed with identical conditions as the 32 P-labeled samples, were stained with Pro-Q Diamond phosphoprotein gel stain (Invitrogen) and then with SYPRO Ruby stain (Invitrogen). Spots in the 2D gels showing significant inhibitor-dependent decreases in 32 P incorporation and Pro-Q Diamond staining were isolated from nonradioactive gels using an Ettan Spot Picker (GE Healthcare) and processed further for analysis by mass spectrometry as described below.
Sample Preparation and Identification with Mass Spectrometry
Excised gel pieces were processed using a MASSPrep Automated Digestor (Waters/Micromass) in our Functional Proteomics Facility (http://www.biochem.uwo.ca/wits/fpf/index.html). Briefly, the gel pieces were destained using 50 mM ammonium bicarbonate and 50% Acetonitrile (ACN), the proteins were reduced in 10 mM DL-Dithiothreitol (DTT), then alkylated using 55 mM iodoacetamide (IAA) and subjected to in-gel digestion with Trypsin. Following digestion, peptides were extracted using 1% formic acid and 2% ACN and lyophilized. The lyophilized peptides were resuspended in 10% ACN and 0.1% Trifluoroacetic acid (TFA) and mixed at a 1:1 ratio (v/v) with α-cyano-4-hydroxycinnamic acid (CHCA) matrix that was prepared using 5 mg/mL in 6 mM ammonium phosphate monobasic, 50% ACN, 
Plasmid Construction and Transfection
The elongation factor 1-delta (designated as EEF1D) cDNA clone was purchased from American Type Culture Collection. To incorporate a FLAG epitope tag at either its N-or C-terminus, the 846 bp EEF1D cDNA encoding the 281 amino acid 31 kDa EEF1D transcript variant 2 (gi|25453472) was PCR amplified with the following primers: N-terminal (FLAG-EEF1D) (Forward: 5 0 -gctaagcttatggactacaaagacgatgacgacaagatggctacaaacttccta-3 0 , Reverse: 5 0 -tgcgaattctcagatcttgttgaaagc-3 0 ) or C-terminal (EEF1D-FLAG) (Forward primer: 5 0 -gctggtaccatggctacaaacttccta-3 0 , Reverse primer: 5 0 -tgcgaattctcacttgtcgtcatcgtctttgtagtccatgatcttgttgaaagc-3 0 ). Amplification products were cloned into pcDNA3.1+ expression vector (Invitrogen) with HindIII/EcoRI or KpnI/ EcoRI cloning sites for FLAG-EEF1D or EEF1D-FLAG, respectively. The nonphosphorylatable S162A (Forward primer: 5 0 -tgacattgacctgtttggcgctgacaatgaggaggaggac-3 0 , Reverse: 5 0 -gtcctcctcctcattgtcagcgccaaacaggtcaatgtca-3 0 ) or phopshomimic S162D (Forward primer: 5 0 -tgacattgacctgtttggcgatgacaatgaggaggaggac-3 0 , Reverse: 5 0 -gtcctcctcctcattgtcatcgccaaacaggtcaatgtca-3 0 ) mutants of FLAG tagged EEF1D were generated following QuikChange Site-Directed Mutagenesis (Stratagene, San Diego, CA). The plasmids were propagated in DH5α bacterial cells, isolated with standard methods 54 and verified by sequencing. In the CK2 siRNA experiments, the individual subunits of CK2 or scambled control (Dharmacon SMART pools) were transfected at 200nM final concentration for 96 h following the manufacturer's recommendations. In cell rescue experiments HA tagged form at C-terminus of wild type (pRc/CMV-CK2α-HA) or inhibitor resistant form of CK2α (pRc/CMV-CK2α(V66A/I174A)-HA) 15 with N-terminal MYC tagged wild type CK2β (pRc/CMVMyc-CK2β) 55 were used. HeLa cells were transfected at approximately 60% confluency in 10 cm tissue culture dishes using PEI reagent (Linear, MW 25 000, Polysciences, Inc.) in most experiments. Lipofectamine2000 (Invitorgen) was used for CK2 siRNA and experiments with inhibitor-resistant CK2 constructs. For PEI transfections, 56 a construct encoding Enhanced Green Fluorescent Protein (EGFP) to monitor transfection efficiency (1 μg) and either FLAG-EEF1D or EEF1D-FLAG pDNA (5 μg) in 440 μL of 150 mM filter sterilized NaCl were mixed with 60 μL of PEI (1 mg/mL, in filter sterilized 10 mM pH5.5 MES). The pDNA-PEI mixtures were vortexed for 10 s, incubated for 10 min at room temperature and then added to the culture media with cells in the plates. In transfections with Lipofectamine2000 manufacturer recommendations were followed using 5 μL of Lipofectamine2000 per 10 cm plate with 6 mL media. Following transfection, cells were harvested at the times indicated.
Antibodies, Immunoblotting and Other Reagents
Western blotting 57 was performed using EEF1D antibody (Novus), FLAG M2Monoclonal Antibody (Sigma) and Anti-β-lactoglobulin (CedarLane) primary antibodies at 1:1000 dilution in LiCor Blocking Buffer:PBS containing 0.1% Tween 20 (1:1). The phospho-EEF1D antibody was raised against CDIDLFGpSD-NEEEDK phospho-peptide recognizing CK2 phosphorylation at the EEF1D pS162 site. Antibody production from peptide synthesis to affinity purification was completed at YenZym Antibodies, LLC, San Francisco, CA following their proprietary company protocols. Western blotting with phospho-EEF1D polyclonal antibody was done at 1:20 000 dilutions in 1% BSA/TBST. Endogenous CK2α, CK2α 0 or CK2β were immunoblotted with polyclonal antibodies using previously established protocols. 15, 58, 59 For the HA-or MYC-tagged form of CK2 detection monoclonal anti-HA 3F10 (BabCO, Berkley, CA) or anti-MYC 9E10 antibodies were used as described. 60 For loading controls, anti-Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), clone 6C5 (Millipore) in 3%BSA/PBST was used at a 1:1000 dilution. Secondary Infrared IRDye-labeled antibodies (LiCor) (1:10 000 dilution in PBS containing 1% BSA and 0.1% Tween 20) were visualized on the LiCor Odyssey Infrared Imaging System and evaluated using Odyssey V3.0 software. All 2D electrophoresis reagents and Protein G Sepharose used for immuno-precipitation were from GE Amersham.
Purification of Recombinant CK2
An inhibitor resistant mutant of GST-CK2α (ie. V66A/I174A) designated CK2αR 15 was generated with the Quikchange Mutagenesis Kit (Stratagene). Wild type GST-CK2α or GST-CK2αR were expressed in bacteria and purified according to previously established protocols. 61 To obtain the wild type (holo-CK2WT) or the inhibitor resistant form of holo-CK2 (holo-CK2R), the bacterial pellets from GST-CK2α-expressing or GST-CK2αR-expressing bacteria were mixed with twice the volume of pellet from bacteria expressing His-tagged CK2β bacterial pellet and the enzymes were purified by Glutathione affinity chromatography as for GST-CK2α or GST-CK2αR. The protein concentrations of the purified enzymes were determined by BioRad Protein Assay. Purified enzymes were also separated by 10% SDS-PAGE and stained with GelcodeBlue (Thermo) protein stain to confirm the monomeric or holo-enzyme form of CK2. 62 
In vitro Phosphorylation Assays
The CK2 substrate peptide RRRDDDSDDD (100 μM) was used to measure the activity of the purified enzymes. Each kinase reaction (40 μL) contained 50 mM Tris pH 7.5, 100 mM NaCl, 12 mM MgCl 2 , 0.01 mM ATP supplemented with 1.6 μCi γ-32 P-ATP per reaction. Prior to the phosphorylation reactions, the inhibitors at 25 μM concentration were preincubated on ice with CK2 for 18 min and the enzyme:inhibitor was diluted into the kinase reaction to achieve a 5 μM final concentration of the inhibitor. Kinase reactions (10 min at 37°C) were performed according to established protocols.
10,63,64 32 P incorporation, residual kinase activity was calculated for each experiment and For immuno-kinase assays, EEF1D-FLAG or the mutant forms of S162A and S162D were immuno-precipitated from 500 μg of transfected HeLa lysate with 2.5 μg of FLAG M2 antibody following the protocol outlined previously 19 and then used for substrate in kinase reactions. Where indicated, immunoprecipitated EEF1D-FLAG and mutants were preincubated with λ-phosphatase (New England Biolabs). Kinase reactions were terminated by the addition of 50 μL 2Â Laemmli sample buffer and 25% of the reaction was separated on 10% SDS-PAGE gels. Each reaction was separated twice on SDS-PAGE gels (technical replicate) and the experiment was repeated twice. All phosphorylation reactions were exposed to PhosphorImager screens, scanned on Storm 820 scanner (GE Healthcare) and quantified with ImageQuant Version 5.2 software. One PhosphorImager scan of the two experiments was displayed on the figures.
Alternatively, the CK2 phosphorylation dependent change of EEF1D-FLAG was visualized with a nonradioactive method. The immunoprecipitated EEF1D-FLAG were treated with λ-phosphatase and/or subjected to kinase reactions as indicated and the reactions were separated with 2D electrophoresis followed by immuno-blotting with FLAG M2 antibody. The immuno-blots were scanned on the LiCor Odyssey System and the signal intensity change of the 2D profile was analyzed by Odyssey V3.0 software (LiCor).
Analysis of Phosphorylation in Cells Expressing InhibitorResistant CK2 Constructs
For rescue experiments with inhibitor-resistant CK2, HeLa cells were transfected in 15 cm size dishes using DMEM media without FBS or antibiotic at 80% confluency. Equal amount of wild type pRc/CMV-CK2α-HA and pRc/CMV-Myc-CK2β (10 μg each) plus 5 μg of EGFP to monitor transfection efficiency, or inhibitor resistant pRc/CMV-CK2α(V66A/I174A)-HA and pRc/CMV-Myc-CK2β (10 μg each) plus 5 μg of EGFP plasmid DNA were transfected with 12.5 μL of Lipofectamine2000 following manufacturer's recommendations. After 12 h incubation, the media was replaced with DMEM/0.1% FBS/100 μg/mL streptomycin and 100 units/mL penicillin and cells incubated for an additional 6 h. The cells were then transfected again with EEF1D-FLAG (20 μg) and EGFP (5 μg). Seven hours after the second transfection all cells were lifted with PBS containing 5 mM EDTA, pooled together into a single 50 mL tube, and then distributed equally into six of 10 cm plates containing 10 mL of DMEM/10% FBS/100 μg/mL streptomycin and 100 units/mL penicillin. One fraction of the cells were pelleted (100 xg, 4°C), and were frozen at À80°C to be used as 0 h control for EEF1D-FLAG protein expression level at the time of kinase inhibitor treatment. The cells in 10 cm plates were treated with CK2 inhibitors TBB (25 or 15 μM) or TBBz (15 or 8 μM). Dimethyl sulfoxide (DMSO) was added to control cells (DMSO cont.) or cells were kept without any treatment (12 h Untrd.). Following 12 h of incubation, all cells were harvested and washed four times with ice cold PBS on ice prior to lysis in Tris Lysis Buffer (TLB, 50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% Deoxycholic Acid, 29.4 μg/mL Aprotinin, 1 mM PMSF, 20 μg/mL Leupeptin, 7 μg/mL Pepstatin A, 1 μM Okadaic acid, 1 μM Microcystin, 1 mM Sodium orthovanadate, 5 mM NaF). Cells from the 0 h treatment were lysed in the same buffer without phosphatase inhibitors. Cells were sonicated for 3 Â 5 s on ice and then kept on ice for an additional 30 min to achieve complete lysis. Lysates were cleared by centrifugation (2330Â g, 4°C) and protein concentrations were measured with BCA Protein Assay Kit (Pierce) using BSA as standard.
EEF1D-FLAG was immuno-precipitated according to the protocol described above from 400 μg of lysate per treatment with 2.5 μg of FLAG M2 antibody. For phospho-EEF1D antibody immuno-blotting, one reaction of the immuno-precipitated EEF1D-FLAG protein of 0 h control was treated with λ-phosphatase and then 20% of each reaction was separated on 10% SDS-PAGE. For detection of endogenous or transfected CK2, 12.5 μg of lysate was separated on 10% SDS-PAGE gels. Proteins were transferred to Immobilon-FL PVDF membrane (Millipore) and immuno-blotted with antibodies indicated in the figures and following the protocol described above.
2D Electrophoresis to Monitor Phosphorylation Profiles of EEF1D
Proteins were immuno-precipitated prior to 2D electrophoresis and 2D profiles of EEF1D-FLAG examined with or without subsequent λ-phosphatase treatments. Briefly, transfected HeLa cells were harvested with Tris Lysis Buffer (TLB, 50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 0.1% Deoxycholic Acid, 29.4 μg/mL Aprotinin, 1 mM PMSF, 20 μg/mL Leupeptin, 7 μg/mL Pepstatin A) and subjected to immuno-precipitation with FLAG M2 antibody (2.5 μg) using Protein G-Sepharose at 4°C. Immune-complexes were collected by centrifugation and washed four times with NP-40 buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1% NP-40, 29.4 μg/mL Aprotinin, 1 mM PMSF, 20 μg/mL Leupeptin, 7 μg/mL Pepstatin A) followed by two washes with the same buffer lacking NP-40. After treatment with or without λ-phosphatase, the reactions were washed once (50 mM Tris pH 7.5, 150 mM NaCl, 29.4 μg/mL Aprotinin, 1 mM PMSF, 20 μg/mL Leupeptin, 7 μg/mL Pepstatin A, 1 μM Okadaic acid, 1 μM Microcystin, 1 mM Sodium orthovanadate) and then the buffer was removed completely. The proteins were eluted using 80 μL of 2D lysis buffer (8 M Urea, 2% CHAPS, 1 mM Benzamidine, 25 μg/mL Leupeptin, 20 μg/mL Pepstatin A, 20 μg/mL Aprotinin, 1 μM Okadaic acid, 1 μM Microcystin, 1 mM Sodium orthovanadate, 0.5% Ampholyte and 40 mM DTT) with constant rotation at 4°C for 15 min. β-lactoglobulin (100 ng, Sigma) was added to 50 μL of each sample as an isoelectric focusing marker prior to sample application to 4À7 NL 2D strips for the first dimension separation. Following second dimensional separation on 10% SDS-PAGE, proteins were transferred to Immobilon-FL PVDF membrane (Millipore) and immunoblotted with FLAG-M2 and β-lactoglobulin antibodies.
In CK2 inhibitor experiments, when GFP expression was first detectable by fluorescence microscopy after transfection, the cells were treated with CK2 inhibitors (25 μM) or an equivalent volume of DMSO for 12 h. After treatment, cells were washed with ice cold PBS (4Â) on ice and harvested with 2D lysis buffer. Cell lysates were cleared by centrifugation (2330Â g, 4°C) to remove insoluble materials and the protein concentration was measured with the BioRad Protein Assay (BioRad) using BSA as standard. The proteins were separated by 2D electrophoresis and then immono-blotted and visualized as described above.
' RESULTS
Development of a Strategy to Identify and Validate Protein Kinase Substrates
The systematic unbiased strategy that we developed to identify and validate bona fide substrates for protein kinases is outlined in Figure 1 . The starting point is the identification of proteins that exhibit inhibitor-dependent decreases in phosphorylation. Since inhibitor-dependent decreases in phosphorylation could arise from direct effects on the activity of the protein kinase targeted by the inhibitor or from indirect effects on downstream protein kinases within a signaling pathway, an important component of the strategy is to demonstrate direct phosphorylation of the target by the protein kinase under investigation. To perform these studies, the substrate can be isolated from mammalian cells and evaluated as a direct protein kinase substrate. The isolated protein can also be treated with phosphatase prior to the protein kinase assay to assess whether the relevant phosphorylation sites are occupied in cells (i.e., prior treatment with phosphatase would enhance the level of phosphorylation observed in the protein kinase reaction). Additionally, the phosphorylation of the substrate in cell by the selected kinase can be demonstrated by developing phospho-site specific antibodies recognizing the predicted phosphorylated residue on the protein that is modified by the kinase. The phospho-antibody is a valuable tool to monitor kinase activity dependent change following targeted knockdown of the kinase by siRNA or shRNA and evaluate the efficacy of kinase inhibitors. As a companion to these studies, inhibitorresistant mutants of the protein kinase can be used to overcome (i.e., rescue) the effects of the inhibitors.
While there are now a number of proteomics strategies that enable the comparative analysis of protein abundance or extent of phosphorylation, many of these methods require access to dedicated mass spectrometers and extensive analysis of large data sets. By comparison, despite suggested limitations such as limited dynamic range and relatively low sample throughput, 2D gels that are readily available and routinely performed in many laboratories, have the capacity to fractionate and distinguish individual protein variants on the basis of covalent modifications such as phosphorylation. Accordingly, since our goals were primarily to devise a validation strategy for the identification of direct substrates for protein kinases, the limitations of 2D gels would not be of consequence especially when using 32 P incorporation to directly identify proteins that are phosphorylated in cells. To apply this strategy to the identification of substrates for CK2, 32 P labeled HeLa cells were treated with CK2 inhibitors and proteins were separated by 2D gel electrophoresis (Figure 2 ). Proteins exhibiting inhibitor-dependent decreases in 32 P incorporation were identified Figure 1 . Schematic representation of the unbiased experimental strategy to identify and validate bona fide kinase substrates using functional proteomics methods in combination with chemical genetics. The main components of the validation strategy include: (1) identification of proteins exhibiting inhibitor-dependent changes in phosphorylation, (2) validating inhibition of phosphorylation with selective knockdown of the kinase, (3) development of a phospho-specific antibody to specifically detect phosphorylation, and (4) performing rescue experiments where inhibitor-resistant kinase is employed to overcome inhibitor effects on phosphorylation.
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ARTICLE by mass spectrometry. Identified proteins were searched in existing phosphorylation databases (including Phosphosite, Phosida, PhosphoELM) and in the literature to determine if there was any prior evidence of phosphorylation. Three proteins, exhibiting a CK2 inhibitor-dependent decrease in phosphorylation, were identified by mass spectrometry from areas circled in white on Figure 2 . These proteins identified by MALDI-TOF, had also been listed as phosphoproteins by previous phosphoproteomics studies, and were identified as elongation factor 1-delta (UniProt name: EEF1D_HUMAN, area "a" Figure 2) , F-actin-capping protein subunit alpha-1 (UniProt name: CAZA1_HUMAN, area "b" Figure 2) and nucleoside diphosphate kinase A (UniProt name: NDKA_HUMAN, area "c" Figure 2) . Mass spectra and peptide sequences are listed in Figure S3 (Supporting Information). Out of the three candidate substrates, we selected EEF1D for testing our validation strategy on the bases that EEF1D was listed in multiple phosphorylation databases (Table S2 , Supporting Information), confirming that it was phosphorylated in cells at sites matching the CK2 consensus phosphorylation sequence (S/TXXD/E/pS/pY). Notably, recombinant EEF1D had also been shown to be a substrate for purified CK2 in vitro. However, like the vast majority of predicted protein kinase substrates, there were no studies performed to manipulate its phosphorylation in cells nor to determine whether it is a bona fide physiological substrate for CK2.
Validation of EEF1D as a Direct CK2 Substrate
The EEF1D protein sequence alignment clearly demonstrated that the CK2 site was highly conserved among different species (Table S1 , Supporting Information). These findings provided additional assurance that EEF1D was a suitable candidate to carry out our validation strategy. Accordingly, EEF1D was FLAG tagged on the N-and C-termini and expressed in HeLa cells. The expressed protein was immuno-precipitated using the FLAG P incorporation were quantified as described in the Experimental Section. Circled spots were excised from unlabeled gels and analyzed by mass spectrometry to identify candidate substrates for CK2. Images are representative of duplicate experiments.
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ARTICLE M2 antibody and immuno-blotted with both FLAG M2 and EEF1D antibodies ( Figure 3A) . The C-terminally tagged form of EEF1D (EEF1D-FLAG) showed higher expression in HeLa cells ( Figure 3A ) and was selected for further experiments. Importantly, EEF1D-FLAG expressed in HeLa cells was functional in mammalian cells as indicated by its complex formation with endogenous proteins. In this respect, EEF1D-FLAG formed complexes with three endogenous members of the EEF1 complex that could be isolated by coimmuno-precipitation ( Figure 3B ) and identified by MALDI-TOF analysis as elongation factor 1-alpha (UniProt name: EEF1A_HUMAN), elongation factor 1-beta (UniProt name: EEF1B_HUMAN) and elongation factor 1-gamma (UniProt name: EEF1G_HUMAN). Mass spectra and other MALDI-TOF identification parameters are listed in Figure S4 (Supporting Information). Immuno-kinase assays with the wild type catalytic CK2α subunit (designated CK2αWT) in vitro demonstrated that both EEF1D-FLAG and the endogenous EEF1B were substrates of CK2 ( Figure 3C ). Furthermore, prior treatment of immunoprecipitates with λ-phosphatase led to a dramatic increase in phosphorylation of both proteins by CK2 ( Figure 3C ). The enhanced phosphorylation following phosphatase treatment clearly indicates substantial occupancy of the CK2 phosphorylation sites of the candidate substrates in human cells.
To further examine the phosphorylation profiles of EEF1D, we performed 2D electrophoresis ( Figure S1 and S2, Supporting Information). Initially, the 2D profile of EEF1D-FLAG was evaluated ( λ-phosphatase treatment revealing a profile shift toward the less acidic region following phosphatase treatment ( Figure S1 , Supporting Information). Visualization of the profile shift could be further enhanced with the use of beta-lactoglobulin as an isoelectric-focusing marker. The shift toward the less acidic region in the 2D profile could also be observed expressing EEF1D-FLAG in HeLa cells treated with CK2 inhibitor at different times or concentrations ( Figure S2A , Supporting Information). The CK2-dependent 2D profile change was also confirmed by separating the immune-complex kinase assays ( Figure S2B , Supporting Information). In order to quantify changes in the 2D profile, we compared intensity changes after CK2 phosphorylation and CK2 inhibitor treatment. We determined that changes in spot numbers 5 and 6 were the most prominent and reflected the activity of CK2 in the assays ( Figure S2B , Supporting Information). Collectively, these results suggested that phosphorylation of EEF1D was responsive to CK2 inhibitors in HeLa cells.
While 2D electrophoresis suggested that the phosphorylation profile of EEF1D was affected by CK2 inhibition, these analyses did not provide a direct assessment of specific site(s) of phosphorylation. Therefore, in order to monitor CK2 activity dependent phosphorylation on EEF1D we developed a phospho-EEF1D antibody against a EEF1D phospho-peptide shown in Figure 4A (top sequence) that corresponds to a predicted CK2 site that is present in both Phosida and PhosphoELM (Table S2 , Supporting Information). Using this phospho-EEF1D antibody, the immuno-blots in Figure 4B showed two distinct groups of bands, corresponding to EEF1D and EEF1B on Figure 3B . Moreover, our results indicated that our phospho-EEF1D antibody could recognize EEF1D and EEF1B from HeLa cell lysates only when lysates were not previously treated by λ-phosphatase. The alignment of EEF1D and EEF1B protein sequences demonstrated that only one amino acid difference was found between the two proteins near the recognition site of the phospho-EEF1D antibody. The pSer in the immunizing peptide corresponds to pS162 on EEF1D and pS106 on EEF1B ( Figure 4A ). In peptide 
ARTICLE competition assays, the phospho-EEF1D signal could be competed out with an excess of phospho-EEF1D peptide and there was no signal loss with the same molar excess of nonphospho-EEF1D peptide ( Figure 4B ). We also tested the CK2 dependent phosphorylation specificity of the phospho-EEF1D antibody. For these studies, we used EEF1D-FLAG as CK2 substrate in in vitro immuno-kinase CK2 assays. In these assays the antibody recognized phosphorylation of EEF1D-FLAG by CK2 and on the coimmuno-precipitated endogenous EEF1B ( Figure 4C ).
To further examine the dependence of the phosphorylation of S162 of EEF1D on CK2, we performed CK2 knockdown studies ( Figure 4D ). Treatment with siRNA targeting CK2α resulted in decreased phosphorylation of EEF1D and EEF1B, as compared to the level of phosphorylation observed in cells treated with a control (scrambled) siRNA. These studies further suggest that EEF1D is a direct substrate of CK2. Furthermore, detection of endogenous EEF1D with the phospho-specific S162 antibody definitively demonstrates that this residue is phosphorylated in human cells.
Validation of CK2 Substrates with Inhibitor-resistant CK2 Mutants Using Recombinant Enzymes
Since protein kinase inhibitors are often prone to off-target effects, our substrate validation strategy also incorporated the use of inhibitor resistant mutants of CK2 to evaluate the ability of these mutants to restore substrate phosphorylation in the presence of the inhibitor. Inhibitor-resistant variants of CK2α were prepared both as free catalytic subunits (CK2αR) and as holoenzyme complexes comprised of both catalytic and regulatory CK2 subunits (holo-CK2R). As expected, wild-type CK2 holoenzyme (holo-CK2WT) displayed more activity toward the synthetic CK2 substrate peptide RRRDDDSDDD than did the Journal of Proteome Research ARTICLE isolated CK2αWT subunit. A similar observation was made when comparing holo-CK2R to CK2αR indicating that the ability of CK2β to enhance CK2 activity is not compromised by the V66A/I174A substitutions that are introduced to generate the inhibitor-resistant forms of CK2. Notably, in these kinase assays, inhibitor-resistant forms (both catalytic CK2αR and holo-CK2R) restored the substrate phosphorylation in the presence of the inhibitor. Restoration of kinase activity was more evident after the residual kinase activities of the reactions were calculated and compared (kinase activity with DMSO alone=100%, Figure 5A ). These results clearly indicated that TBB and TBBz could both effectively inhibit CK2, and that the inhibitorresistant forms of CK2 could rescue activity toward a peptide substrate in the presence of the CK2 inhibitors.
As a next step, we proceeded to utilize the inhibitor resistant CK2 mutants to evaluate their ability to rescue the phosphorylation of EEF1D-FLAG in the presence of the CK2 inhibitors. CK2 kinase assays using EEF1D-FLAG (immuno-precipitated from HeLa cells and the treated with λ-phosphatase) as substrate showed multiple phosphorylated bands, most notably the EEF1D and EEF1B that were previously identified by mass spectrometry ( Figure S4 , Supporting Information). In the assays performed with the holo-enzyme forms of CK2, CK2β autophosphorylation by CK2α was also evident ( Figure 5C ). With wild-type forms of CK2, a significant decrease in phosphorylation of both EEF1D and EEF1B was visible in the presence of TBB or TBBz. By comparison, while inhibitor resistant forms do show a modest decrease in Figure 5 . In vitro phosphorylation of EEF1D using inhibitor resistant forms of CK2. (A) Residual kinase activity, as compared to DMSO control = 100% activity, with wild type (WT) or inhibitor-resistant (R) CK2α or holo-enzyme on RRRDDDSDDD peptide using 5 μM TBB or TBBz. Kinase activity was restored using the inhibitor-resistant form of CK2. The bars in panel A represent the range of two samples of the reaction in one of two independent experiments. (B and C) Rescue of kinase activity with the inhibitor resistant CK2 on EEF1D-FLAG, EEF1B and CK2beta (C only) in in vitro immune-kinase assays. 32 P-ATP incorporation was measured on λ-phosphatase treated EEF1D-FLAG that was phosphorylated in immune-kinase assay by wild type (WT) or inhibitor resistant (R) CK2α or holo-CK2 enzyme. Representative results from two independent experiments are shown.
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ARTICLE kinase activity, neither TBB nor TBBz have an appreciable effect on the phosphorylation of either EEF1D or EEF1B ( Figure 5B and C) . Similar effects are observed with the phosphorylation of CK2β when using holo-CK2 R. Notably, CK2αWT and holo-CK2WT activity were higher on EEF1D and EEF1B than the activity measured with the inhibitor resistant form in the DMSO control reactions. However, there was no difference in kinase activity between the wild type and inhibitor resistant form of holo-CK2 in the autophosphorylation reaction on CK2β ( Figure 5B and C). Collectively, these results indicated that inhibitor-resistant mutants of CK2 can be employed to ensure that TBB-or TBBzdependent decreases in phosphorylation do indeed arise through CK2 inhibition.
Validation of CK2 Substrates by Expressing Inhibitorresistant CK2 Mutants in Cells
To further our validation strategy, we expressed wild type or inhibitor resistant forms of the CK2 in cells. By monitoring CK2 activity with the phospho-EEF1D antibody we observed that EEF1D-FLAG was immediately phosphorylated by CK2 in cells after expression as even a weak band was observed at time 0 in all experiments ( Figure 6 , top panel). Time 0 was defined as the earliest time point when green fluorescent protein could be detected in living cells by fluorescence microscopy (typically ∼6 h following transfection). At this time point, we did not observe notable differences in kinase activity between wild type and inhibitor resistant forms of CK2 expressed in HeLa cells ( Figure 6 , IB:phospho-EEF1D). Furthermore, we did not detect differences in expression of endogenous (IB:CK2α/α 0 /β) or transfected (IB:HA 3F10 and MYC 9E10) CK2 comparing immunoblots with the wild type or inhibitor resistant CK2 in Figure 6 . However, CK2 inhibition for 12 h resulted in a significant decrease in phosphorylation of EEF1D-FLAG and endogenous EEF1B with TBBz (last 2 lanes of Figure 6 ; top left panel) and to a lesser extent with TBB. This difference in potency of TBBz over TBB is consistent with our previous findings. 15 Notably, the signal intensity of Phospho-EEF1D and EEF1B was partially restored by the expression of inhibitor-resistant CK2 (compare last 2 lanes of right panel and left panel of Figure 6 ). Again, the effect was more evident in cells treated with TBBz presumably because the inhibitory effect of TBBz was more dramatic, which made the rescue more readily detectable.
Evaluation of EEF1D WT and S162A or S162D Mutants
To further reinforce the conclusion that S162 is phosphorylated in cells, we engineered mutants harboring nonphosphorylatable and phospho-mimetic substitutions of this residue (Figure 7) . In HeLa cells, S162A and S162D mutants of EEF1D-FLAG were expressed to similar levels as wild-type EEF1D in multiple experiments ( Figure 7 ). Immuno-blotting with FLAG M2 did not show differences in EEF1D-FLAG wild type or mutant expression levels in HeLa cells, however our phospho-EEF1D antibody did only recognize the wild type form of EEF1D-FLAG ( Figure 7A ). The mutants formed complexes with the endogenous EEF1A, EEF1B, EEF1G and also with EEF1D as shown on the Gelcode Blue stained gel in Figure 7A . As was expected only the EEF1D-FLAG WT could be phosphorylated by the catalytic or holo-form of CK2 as demonstrated by both autoradiography or by immuno-blotting with our phospho-EEF1D antibody ( Figure 7B ). Coupled with the observations that CK2 can directly phosphorylate EEF1D, phosphatase treatment enhances phosphate incorporation, and that targeted siRNA knock down of CK2 resulted in decreased CK2 site specific phosphorylation, these results support the conclusion that EEF1D is a bona fide physiological substrate of CK2 in human cells.
' DISCUSSION
The perturbation of cell signaling networks in human diseases (e.g., cancer) have generated a high level of attention in protein kinases and fuelled interest in protein kinase inhibitors as tools to manipulate specific signaling pathways and as potential therapeutic agents. 3À5 With the objective of comprehensively describing protein phosphorylation events in cells, a number of global phosphoproteomic studies have been performed employing mass spectrometry and other strategies.
34À37, 65 However, to fully capitalize on the potential of protein kinase inhibitors and the wealth of information that is emerging from phosphoproteomic studies, it is necessary to develop systematic and unbiased approaches for validation of protein kinase inhibitors and protein kinaseÀ substrate relationships. In this study, we combined the use of 2D electrophoresis coupled to mass spectrometry 50 together with the use of protein kinase inhibitors and inhibitor-resistant protein kinase mutants to identify elongation factor 1-delta (EEF1D) as a bona fide physiological substrate for CK2.
EEF1D may be an attractive candidate as a biomarker since elevated levels of EEF1D are associated with transformation, 52 invasiveness 66, 67 and poor survival in cancer. 51 Furthermore, EEF1D has been implicated in the pathogenesis of amyotrophic lateral sclerosis. 68 EEF1D is one of the members of the EEF1 complex 69 that catalyze GDP/GTP exchange on EEF1A in complex with EEF1G and EEF1B subunits ( Figure 3C ) with the ability to regulate translation. 70 EEF1D derived from rabbits was reported to be phosphorylated in vitro by CK2 at Ser162 71À73 a residue that is highly conserved between species (Table S1 , Supporting Information). Furthermore, phosphoproteomics databases (Table S2 , Supporting Information) and global proteomics studies indicated that EEF1D is indeed phosphorylated in cells with two residues, namely Ser162 and Thr147 identified as sites of phosphorylation upstream to the N-terminus. 34À37,74,75 While these findings suggest that EEF1D is an attractive candidate as a physiological substrate for CK2, there was a lack of experimental evidence to confirm that EEF1D is phosphorylated directly by CK2 in human cells. Consequently, to build on these 
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ARTICLE earlier findings, we performed the first experimental studies that conclusively demonstrate that EEF1D is phosphorylated by CK2 in cells. This conclusion is supported by the observations that 32 P incorporation into endogenous EEF1D is diminished in cells treated with CK2 inhibitors (Figure 2 ) and that EEF1D-FLAG is directly phosphorylated by CK2 ( Figure 3À7 ). The dramatic increase in the in vitro phosphorylation of immuno-precipitated EEF1D-FLAG by CK2 that is observed following λ-phosphatase treatment indicates that the CK2 site is phosphorylated in cells, a conclusion that is reinforced through the use of a phosphospecific antibody recognizing pS162 of EEF1D. The use of this phospho-specific antibody to detect a decreased phosphorylation of EEF1D-FLAG in cells treated with CK2 inhibitors or cells with siRNA-mediated knockdown of CK2 further supports the conclusion that EEF1D is a direct physiological substrate for CK2. Furthermore, the demonstration that phosphorylation of EEF1D in the presence of CK2 inhibitors is restored by inhibitorresistant forms of CK2 ( Figures 5BÀC and 6 ) further suggests that EEF1D is a bona fide CK2 substrate. Given the emergence of CK2 as a candidate for molecular-targeted therapy, 76, 77 it could thus be envisaged that the phosphorylation of EEF1D could be used to validate the effectiveness of CK2 inhibitor treatments in cells or tissues.
While our studies clearly indicate that EEF1D is a bona fide physiological substrate for CK2, it is important to note that treatment with CK2 inhibitors or siRNA-mediated knockdown of CK2 had a relatively modest effect on the levels of EEF1D phosphorylation as detected by the phospho-specific S162 antibody. By comparison, there was a striking decrease in 32 P incorporation into EEF1D seen upon treatment of 32 P-labeled cells with CK2 inhibitors. This discrepancy may arise because the phosphospecific antibodies will detect total steady-state levels of EEF1D whereas 32 P labeling will only detect the population of the EEF1D that is phosphorylated during the labeling period. Furthermore, 2D profiles of transfected EEF1D-FLAG suggest that the phosphorylation of EEF1D may occur shortly after, and possibly coincident with, its synthesis and that once it is phosphorylated, the phosphorylation of S162 may be relatively stable. Our findings are also consistent with the prospect that CK2 may indeed be constitutively active in cells, a conclusion that would be in keeping with structural insights and with its high specific activity when expressed as a recombinant enzyme in bacteria. Collectively, these results suggest that the phosphorylation of S162 would be most useful as a marker for CK2 inhibition under circumstances of long-term CK2 inhibition as would be the case when CK2 inhibitors are used therapeutically. 77 Overall, many protein kinases have emerged as attractive targets for cancer therapy, an observation that has prompted interest in the development of many novel protein kinase inhibitors with a wide range of specificities. 5, 15, 45, 78 Given the close similarity between many members of the protein kinase family, the prospect for off-target effects is a major concern particularly for ATP competitive inhibitors that includes TBB and its derivates used in our study. 15, 45, 78, 79 Accordingly, it is imperative that systematic and unbiased methods be available to evaluate specificity and identify any possible side effects of these compounds. 15 Additionally, identification of good biomarker candidates for kinase inhibition is important for confirmation that the inhibitors effectively neutralize the appropriate target in cells or tissues. 80 Toward these goals, the strategy used here for CK2 is not only a powerful and reliable tool for protein kinase substrate or biomarker candidate identification and validation, but may also be easily adapted to other protein kinases. Furthermore, this method can be combined with other known phosphoproteomic strategies 81, 82 to validate candidate substrates for protein kinases. The adaptability of this strategy for inhibitor validation relies on the availability of kinase inhibitors and information regarding the structural basis of inhibition to enable the generation of the inhibitor-resistant form of the kinase. It can also be readily envisaged that this strategy could be modified to employ shRNA/ siRNA or RNAi in combination with knockdown-resistant constructs. Overall, it is evident that protein kinase inhibitors are promising agents for therapy. Furthermore, the emergence of new strategies to identify phosphorylation sites and phosphopeptides at unprecedented rates offers the promise of yielding a comprehensive understanding of the role of protein kinases and protein phosphorylation in cell regulation. By combining functional proteomics with chemical genetics, as illustrated by the strategy employed in this study, it is possible to capitalize on advances in both of these areas to reveal bona fide protein kinase substrates and identify biomarkers for protein kinase inhibition. 
